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Introduction
No concept has influenced pest control technology in modern agricultural history more than integrated pest management (IPM) . The first published reference to "management" in the context of pests, in which scientists argued for a change in strategies for dealing with pests in favor of sustainability and environmental quality over the "identify and spray strategy" was made by Geier & Clark (1961) . This proposed strategy was initially known as pest management and was later called IPM (Pedigo 1995) . In this context, the history of IPM on soybean is linked to these changes in the pest control concept that took place in the 1960s, at the same time that the world was alerted to the danger of abusive pesticide use by the publication of "Silent Spring" (Carson 1962) . The overuse of pesticides and its consequences, as illustrated in "Silent Spring", led to the development of several governmental policies to mitigate the side-effects of such chemicals, and a major component of this change was the implementation of IPM programs in different countries (Kogan 1998 , Panizzi 2013 .
The IPM concept is based on the premise that cultivated plants can tolerate certain levels of injury without economically significant yield reductions (Higley & Peterson 1996) , and in some cases, small amounts of vegetal tissue injury can actually increase yields (Fig 1) (Paula et al 1998 , Peterson & Higley 2001 , Picanço et al 2004 . Therefore, not all herbivorous insects will become pests and require control , Pedigo & Rice 2009 . In this context, Stern et al (1959) defined the lowest pest population that is able to cause economic damage to plants as the economic injury level (EIL). However, to avoid reaching the EIL and consequent losses to productivity, several factors should be taken into consideration, such as the time needed for the control measures to become effective against these pests, and climate factors that can delay the implementation of a control measure, among others. Therefore, a decision regarding whether to control a pest population should always be made before the EIL is reached. The appropriate time to initiate the control measure to prevent the pest population from reaching the EIL is termed the economic threshold (ET) (Pedigo et al 1986) . Thus, the ET represents the moment when the pest population must be controlled to avoid reaching the EIL (Stern et al 1959) . That is the reason for the ET value being typically set below the EIL, which may be dynamic, but most of the existing ETs are static.
The ET has practical applications in the agro ecosystem (Paula-Moraes et al 2013) and is based on time (Pedigo & Rice 2009 ). When information is available, the ET may consider the pest population growth rate. Therefore, insecticides should not be preventively applied to crops, such as soybean, and insecticide use is only justifiable when the pest population is equal to or greater than the ET or is expected to surpass this level within hours or days.
Present ETs for Soybean-IPM
The soybean economic pest threshold levels were determined in the 1970s for the most important pests in both temperate and tropical areas (Fig 2) . For the majority of soybean pests in Brazil, it is now possible to use control measures based on scientific data, which contributes to appropriate pesticide use. However, there are still some more recent soybean pests, such as mites, whiteflies, and even some pod-feeder caterpillars for which ETs must be established .
The recommended ETs for lepidopteran larvae which feed exclusively on the leaf lamina of soybean plants; usually Anticarsia gemmatalis Hübner and Chrysodeixis includes (Walker); differ slightly by location. In the USA, which is the largest soybean producer, the ET is 35% defoliation at the vegetative stage and 20% at the reproductive stage (Andrews et al 2009) . In Brazil, the second largest soybean producer, pest-control measures are triggered either when 20 large (≥1.5 cm) lepidopteran larvae are counted per beat cloth (1-metersoybean line) or when 30% defoliation (in the vegetative stage) or 15% defoliation (in the reproductive state) is recorded (Fig 2) (Bueno et al 2011a , Batistela et al 2012 .
In the same manner, the recommended ETs for stinkbugs differ slightly between these two countries (the USA and Brazil). In the USA, the ET for seed-sucker stinkbugs is three bugs larger than 0.6 cm/row m if a beat cloth is used as the sampling method. Alternatively, if a sweep net is used for sampling, the ET is nine bugs per 25 sweeps (Andrews et al 2009) . In Brazil, only the beat cloth is recommended as a sample method for seed-sucker stinkbug control, and the ETs are variable depending on the production system (Fig 2) . For grain production, the ET is two bugs larger than 0.5 cm/row m. In the case of seed production, the ET is only one bug larger than 0.5 cm .
The term "stinkbug" usually refers to a complex of phytophagous species that damage soybeans by piercing the pod hulls and sucking juices from developing seeds. This type of feeding habits can result in unfilled pods, severely shrunken seeds, or discolored seeds around the puncture sites. Punctured seeds can lead to lower grades and lower germination. All stinkbugs feed on the developing stages of soybeans, but the greatest yield impact is caused by the third, fourth, and fifth instars and adults (Andrews et al 2009) . These pests are gaining importance in Brazil and some other countries; thus, growers in fear of some degree of yield losses question the viability of the recommended ET. Questions have been raised, particularly with respect to early soybean cultivars with indeterminate growth habits, which produce pods for a longer period during the plant cycle. Changes in soybean scenarios and related doubts about ET accuracy As mentioned previously, soybean pest EILs and ETs were developed in the 1970s. However, soybean cultivars and their production systems have undergone dramatic changes in recent years. In this context, the current cultivars have improved yields and different growth habits (determinate and indeterminate), and they usually have shorter maturity periods, among other traits (Batistela et al 2012) .
During the 1970s, the Brazilian soybean average yield was 1,500 kg/ha, and the current average is higher than 3,000 kg/ha (CONAB 2013) . This increased plant production sometimes leads growers to believe that a standardized amount of injury (the same percentage of defoliation, for example) can cause a more valuable yield reduction (in percent) than in the past, so they demand an ET reduction. However, this judgment is not factual because the immediate plant response to injury is not linear. It is crucial to consider that a plant response to injury includes tolerance and sometimes overcompensation, making the relationship between the intensity of injury and yield loss (Fig 1) a curve and not a straight line (Peterson & Higley 2001 , Pedigo & Rice 2009 . In this context, it is important to emphasize that the soybean plant tolerates some injury levels (pest feeding) without any decrease in yield and, therefore, no control is needed (Haile et al 1998) .
In addition, scientists have suggested that new soybean cultivars with a lower leaf area index are more sensitive to defoliation, arguing that the leaf area index is crucial to soybean yield. However, it is important to emphasize that total dry weight (which has been recorded to be higher in some newer soybean cultivars) is more closely related to soybean yield than the leaf area index (Kumudini et al 2001) . Moreover, during certain times in the soybean development cycle of newer cultivars, the leaf area index maybe smaller; however, this is not true over the entire course of development. Some older soybean cultivars with greater leaf area indexes during the early development stages are more vulnerable to leaf self-shading, which can trigger earlier leaf senescence relative to the newer cultivars. Consequently, when the plant needs leaves the most, as in the R5 growth stage, newer cultivars might have a higher leaf area index compared with older cultivars because of their ability to retain leaves for longer periods (Kumudini et al 2001) . In addition to the leaf area index, the light interception effect should also be taken into consideration (Haile et al 1998) . Thus, assuming that a newer cultivar will be more sensitive to defoliation involves some biases and cannot be assumed as a fact. Soybean sensitivity to defoliation usually peaks at the early R5 growth stage and decreases linearly down to less than 10% of the relative yield loss at the late R6 growth stage (Board et al 2010) .
Another doubt regarding the ET accuracy in Soybean-IPM is related to how the EIL is calculated and how this calculation might affect the ET. Pedigo et al (1986) proposed a general model for EIL as follows: EIL=C/VDIK, where EIL=EIL in injury equivalents per production unit (e.g., insects per hectare), C =management cost per production unit (in dollars per hectare), V =market value per unit of production (in dollars per kilogram), D =damage per unit injury (in kilograms reduction per hectare per injury), I =injury per pest equivalent (in injury per insect), and K =proportional reduction in injury with management . Therefore, considering that insecticides are generally less expensive (thus, C would be lower in the EIL equation) and soybean is more valuable (thus, V would be higher in the EIL equation) in comparison to past years, the EIL should be lowered and, consequently, the ET should be lowered to reflect these changes. However, the EIL calculation considers the linear part of the curve that represents the relationship between insect injury and yield loss. If the ET is set much lower than the pest density at the EIL, then there is a risk of establishing a pest level that falls into the tolerance or overcompensation part of the curve (Fig 1) (Peterson & Higley 2001) . This ET reduction can never be performed if the ET falls into the tolerance or overcompensation phases. Thus, before taking the need for an ET reduction for granted, it is important to determine if the insect damage does not fall into the tolerance or the overcompensation phases of the damage curve.
Earlier results reported soybean defoliation levels of up to 50% (Pickle & Caviness 1984) or even 100% at the R 2 stage (Gazzoni & Moscardi 1998) without yield reduction. These results are most likely explained by the soybean tendency to produce an excessive leaf area. This characteristic, which is also present in other plant species, allows plants to achieve maximum solar radiation interception for photosynthesis, even after some defoliation (Brougham 1956 , Davidson & Donald 1958 , Watson 1958 , Murata 1961 , Stern & Donald 1962 . This compensation occurs because a small loss in leaf area can be compensated by greater light penetration to the lower leaves, which were previously shaded, leading to an increased total production of photosynthesized products by the plant and causing them to produce a grain yield similar to that of plants without defoliation or even inducing a slightly higher yield than that of non-defoliated individuals (Turnipseed 1972) .
Even though many of these studies were carried out in the 1970s or 1980s, several more recently published papers have shown these levels are still reliable , Reichert & Costa 2003 , Batistela et al 2012 . Among the recent studies, Batistela et al (2012) showed that even the newer soybean cultivars, regardless of their growth habit (determinate or indeterminate), can tolerate defoliation levels supported by the ET without a significant reduction in yield (Fig 3) .
Similarly, historic stinkbug ETs can be safely adopted. Soybean plants tolerate two stinkbugs larger than 0.5 cm/ row m without any yield reduction or quality loss in response to pest feeding. When the current stinkbug ET (2 stinkbugs≥0.5 cm/m) was compared with a reduced ET (¼ ET=0.5 stinkbugs≥0.5 cm/m) in a soybean cultivar of indeterminate growth habit, the results indicated that a smaller population of stinkbugs (0.50 stinkbugs≥0.5 cm/ m) led to a similar yield when compared with other treatments (Table 1) . By contrast, less stinkbugs required a higher number of insecticide applications and higher economic and environmental costs for a total of six insecticide applications, whereas the treatment under the recommended ET (2 stinkbugs≥0.5 cm/m) required only two insecticide applications (Fig 2) .
In Brazil, stinkbug populations have increased significantly in soybean, and this is especially true for Euschistus heros (Fabricius; Hemiptera: Pentatomidae) (Panizzi et al 2000) for the following reasons: (1) resistant stinkbug populations have been selected by the most used pesticides; (2) there is a low number of insecticides with different mechanisms of action; (3) there are deficiencies in insecticide spraying technology; and (4) there exists an ecological imbalance caused by the excessive and disordered use of broad spectrum insecticides, mainly during the early developmental stages of the culture (Bueno et al 2011a , Corrêa-Ferreira et al 2010 . Therefore, the increased use of insecticides in soybean fields caused by the adoption of a reduced ET will only aggravate these problems and will not result in yield increases. Thus, as previously stated for defoliators, the overuse of insecticides brings more harm than benefits, especially considering that there is no scientific support for the idea that a lower ET correlates to higher yields.
Arguments have also been asserted that, outside of yield reduction, soybean seed quality is threatened by stinkbug populations at the present ET recommendation. However, stinkbug damage, evaluated by the tetrazolium test, was not significantly different between plots with ET of 0.5 bugs/m and those with ET of 2 bugs/m ( Table 1) . The control plots resulted in 13.7% of grains with dead embryos (Table 1) , but the stinkbug population was over 6 stinkbugs/m from R5 to maturation (Fig 4) . It is worth mentioning that a seed damage rate of 6% is legally accepted for certified seed production. Therefore, in accounting for either yield or seed quality, there is no support for reducing the currently recommended stinkbug ETs.
Both the stinkbug and defoliation results discussed here refute the hypotheses that a standardized amount of injury (the same percentage of defoliation or stinkbug feeding, for example) is now able to trigger a higher (or more valuable) yield reduction than it had in the past. Instead, the results indicate that both the defoliation and stinkbug ET appears to lie within the tolerance phase of the damage curve (Fig 1) and, therefore, no reduction is necessary for either ET values.
How safe is it to simultaneously adopt all ETs, which means adopting the whole soybean-IPM program ?
Guaranteed positive results for adopting ETs without any risk to the soybean yield are a pre-requisite to the massive adoption of this tactic and of larger soybean-IPM programs as well. Bueno et al (2011a) observed no differences between the recommended IPM and the grower management plots (Table 2) . In this context, it should also be reemphasized that a higher use of insecticides, in addition to not providing better control and having higher costs, can be harmful to humans and to the environment, can aggravate pest resurgence, cause secondary pest outbreaks and increase pest resistance to primary insecticides (Meissle et al 2010 , Tang et al 2010 .
The future for ETs in soybean-IPM
Transgenic plants have become a new platform for pest control around the world in several commodities such as cotton and corn. In Brazil, it is expected there will be a massive adoption of the first soybean Bt plant expressing the Cry 1Ac toxin during the 2013/2014 crop season and flowing years. Given this circumstance, questions have been raised about the future of IPM in soybean.
First, it is critical to understand that Bt toxins do not represent a solution for all pest problems because their use represents a specific control method, and different toxins target different pests. Therefore, Bt technology does not invalidate the need to scout and monitor pests in the field. The IPM approach will continue to be useful in this new transgenic scenario. One example is the presence of the Cry 1Ac toxin in cotton: it has insecticidal effects on Helicoverpa spp., but the toxin only controls the first larval stage sand is not completely effective against this genus. Thus, it might be necessary to redesign the EIL and ET for this pest because some insecticidal applications may be necessary, especially at the end of the crop cycle, to control the old larvae that remain in the crop (Naranjo et al 2008) . Additionally, appropriate adoption of these transgenic crops demands the establishment of refuge areas to avoid or at least delay the evolution of pest resistance to Bt technology. The refuge area plays a role in supplying insects that have not been selected for toxin resistance. It is possible to adopt management measures in a refuge area based on an estimate of the pest population density. However, the refuge area plays a dual role by producing both soybeans and insects, and it is important to question whether we should be as rigorous in the refuge area for caterpillars as we are in non-Bt areas.
Moreover, Bt technology could contribute to changes in the key pest complexes of these crops. These changes could eliminate the inter specific competition or density population increase of other pest groups that are not targeted by Bt toxins. Examples include sucking insects such as trips, aphids and other bugs, which are not targeted by Bt technology; furthermore, considering decreased insecticidal applications, former secondary pests could change its status in the crop and may require different management practices.
Another factor is related to the development of EIL for a unique pest species. Considering that growers commonly face multiple pests under normal field conditions (Hammond 1996) , one possible refinement to the EIL concept would be to develop EILs and, consequently, ETs for multiple pest species, given that these pests have the same feeding niche and produce similar plant injuries. This improvement was highlighted by Pedigo et al (1986) who suggested that injuries from different pests which produce the same host response can be grouped into injury guilds (Peterson 2001) , and therefore, EILs for multiple pests could be developed.
Hutchins et al (1988) developed a technique that grouped insects by injury based on the plant physiological response to this damage. The investigators defined injury in standard units termed "injury equivalents." An insect-injury equivalent would be the total injury produced by a single pest over its lifespan. Thus, insect-injury equivalents have been proposed for making management decisions as part of a pest guide, Adapted from Bueno et al (2011a) .
IPM integrated pest management, CM conventional management usually adopted by Brazilian soybean growers with overuse of insecticides, C control treatment: without pest control, ns nonsignificant. a Means followed by the same letter in the column are not significantly different between each other by the Tukey's test (P >0.05).
such as a complex of defoliators. Using this method, Hutchins et al (1988) grouped five defoliators and developed an EIL based on their insect-injury equivalent. As in the work developed by Hutchins et al (1988) , Bueno et al (2011b) proposed an insect-injury equivalent for five different caterpillars commonly found in Brazilian soybean fields. By accounting for its consumption, A. gemmatalis was set as the standard equivalent species, and the Spodoptera cosmioides (Walker) insect-injury equivalent was significantly different from the others species insect-injury equivalents and was nearly double that of A. gemmatalis (Table 3 ). This species was used to calculate the ET presently in use for 20 lepidopteran larvae per row meter. The authors concluded that the injury equivalent should be two for S. cosmioides and one for all other tested species (C. includes, Spodoptera eridania (Cramer), Spodoptera frugiperda (Smith), and A. gemmatalis). Therefore, the recommended ET for triggering insect control would be 20 insect equivalents per sample-cloth (1-m-soybean line), similar to the level proposed for other soybean defoliators (Hutchins et al 1988 , Haile et al 1998 . However, it is important to emphasize that this injury equivalency system can sometimes be erratic because if insect densities are high, competition can reduce injury rates per individual. This issue should be examined in future ET studies for soybean pests, focusing on the necessary changes in injury equivalency. This result might be achieved by an appropriate adjustment based on the density-injury per individual function, which could be easily developed as part of an interactive computer implementation of the multiple-species ET model (Hammond et al 1979) , and will certainly be a great improvement for future ET recommendations in Soybean-IPM.
Finally, the incorporation of mortality factors or pest survival information in ET (Ostile & Pedigo 1987 , Barrigossi et al 2003 , Paula-Moraes et al 2013 represents an improvement in ET development. Pest mortality may be variable in different areas under which the soybean crop is cultivated. It may be possible to incorporate pest survival when establishing dynamic ETs (Paula-Moraes et al 2013) , which can also be expressed in a pest stage different from that for which the EIL was defined.
Concluding remarks
To maintain the sustainability of global soybean production in the medium and long terms, an alternative to the overuse of insecticides is needed. The best technology available to date is soybean-integrated pest management (Soybean-IPM), which proposes the rational use of insecticides by adopting ETs to apply these chemicals only when necessary, as well as the harmonious integration of different control strategies in addition to chemicals (Zalucki et al 2009) . In the IPM approach, the natural biological control of pests is always prioritized according to other auxiliary tactics, including the use of selective pesticides, which are only recommended as complementary resources. Pesticides are harmoniously applied to avoid damaging biological control. In this context, the adoption of ETs helps to increase natural biological control because fewer chemicals are applied to the environment.
The soybean crop in Brazil provides an example of how the adoption of ETs and IPM can be a tool to mitigate the negative impact of pesticides in agriculture. Prior to the adoption of Soybean-IPM by Brazil at the beginning of the 1970s, when insecticides were applied on a calendar basis, an average of six broad-spectrum insecticide applications were made per crop season. Following widespread adoption of Soybean-IPM, insecticides were used more appropriately, with growers considering the ETs for pest control. As a result, the use of insecticides was reduced to approximately two applications per crop season (Batistela et al 2012) . At present, the Soybean-IPM technology has unfortunately been abandoned by the majority of Brazilian soybean growers, causing the number of insecticide applications to increase again. Therefore, a return to using ET for triggering insecticide applications is the best way to reduce the overuse of chemicals in soybeans without reducing crop yield and overall production, thus improving soybean crop sustainability. Means followed by similar uppercase letters in a row or by lowercase letters in a column are not significantly different according to Tukey's studentized range test at 5% probability. Original data, followed by statistics performed on data transformed to ffiffiffi X p . Adapted from Bueno et al (2011b) .
